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Mating between the two haploid cell types (a and a) of the yeast Saccharomyces cerevisiae depends upon the
efficient secretion and delivery of the a- and a-factor pheromones to their respective target cells. However, a
quantitative correlation between the level of transported a-factor and mating efficiency has never been deter-
mined. a-Factor is transported by Ste6p, a member of the ATP-binding cassette (ABC) family of transporter
proteins. In this study, several missense mutations were introduced in or near the conserved LSGGQ motif
within the first nucleotide-binding domain of Ste6p. Quantitation of extracellular a-factor levels indicated that
these mutations caused a broad range of a-factor transport defects, and those directly within the LSGGQ motif
caused the most severe defects. Overall, we observed a strong correlation between the level of transported
a-factor and the mating efficiency of these strains, consistent with the role of Ste6p as the a-factor transporter.
The LSGGQ mutations did not cause either a significant alteration in the steady-state level of Ste6p or a
detectable change in its subcellular localization. Thus, it appears that these mutations interfere with the ability
of Ste6p to transport a-factor out of the MATa cell. The possible involvement of the LSGGQ motif in
transporter function is consistent with the strong conservation of this sequence motif throughout the ABC
transporter superfamily.

The two haploid cell types of the yeast Saccharomyces cer-
evisiae (a and a) are able to recognize one another and fuse to
form diploid (a/a) cells. Efficient mating depends upon the
correct expression of haploid-specific gene products, including
the diffusible mating pheromones a- and a-factor. The secre-
tion and delivery of these mating pheromones to target cells of
the opposite mating type initiate the complex cascade of cel-
lular responses that lead to diploid formation. Since S. cerevi-
siae is a nonmotile organism, each haploid cell must locate an
appropriate proximal mating partner and properly orient itself
in relationship to this partner in order to fuse with it. Hartwell
and coworkers have shown that the amount of either a- or
a-factor secreted by each haploid cell type is the primary de-
terminant of partner selection (partner discrimination) during
the early, courtship phase of yeast mating (19–21). A MATa
cell, for example, when coincubated with two different MATa
strains secreting different levels of a-factor, will mate most
frequently with the MATa strain secreting the highest level of
a-factor. MATa yeast cells containing deletions of the two
genes encoding a-factor, MFa1 and MFa2, are unable to pro-
duce a-factor and are sterile (7, 34). The addition of exogenous
a-factor to this mating mixture restores less than 1% of wild-
type diploid formation. Moreover, the addition of exogenous
a-factor to a mating mixture containing both wild-type MATa
andMATa yeast cells inhibits mating to a level that is less than
1% of that observed when the two strains are coincubated
without the pheromone (31, 34). These data suggest that yeast
cells are unable to respond appropriately to a uniform field of
pheromone and have led to the proposal that efficient yeast
mating requires the establishment of a pheromone gradient

from the secreting cell to the target cell in order to provide the
positional cues necessary for diploid formation (19). Given the
above, an accurate analysis of the dependence of yeast mating
and its constituent processes upon the amount of extracellular
a-factor will require the titration of different levels of trans-
ported a-factor in a native context, i.e., as exported fromMATa
yeast cells.
The a-factor pheromone is a dodecapeptide and is both

carboxymethylated and farnesylated at its C-terminal cysteine
residue (3, 42). It matures intracellularly and is then trans-
ported out of MATa yeast cells by the STE6 gene product,
Ste6p (28, 33, 44, 50). The assignment of Ste6p as the a-factor
transporter stems from the observation that disruption of the
STE6 gene blocks a-factor transport and causes the intracel-
lular appearance of the mature pheromone (28). In addition,
sec mutations that block protein transport through the secre-
tory pathway (including a-factor maturation and secretion)
have no effect on a-factor secretion, indicating that a-factor
transport is independent of the classical secretory pathway (22,
28, 33).
Ste6p belongs to a large protein superfamily called either

the ATP-binding cassette (ABC) transporter family (17) or the
traffic ATPase family (1). Representatives of this protein fam-
ily are found in species ranging from Escherichia coli to hu-
mans and function to transport a wide variety of substrates
directly across membranes in an ATP-dependent manner (1, 2,
17). ABC transporters are predicted to consist of a pair of
repeated elements, each having a hydrophobic, integral mem-
brane domain followed by a nucleotide-binding domain
(NBD) (Fig. 1A). These NBDs retain a significant degree of
amino acid sequence homology and contain the Walker A
(GxxGxGKS/T) and Walker B (Rx6–8h4D) motifs, where x is
any amino acid and h is a hydrophobic amino acid, common to
many proteins that bind ATP and GTP (36, 41, 49). The NBDs
also contain a third consensus element, the LSGGQ (or C)
motif, located just N-terminal to the Walker B motif (Fig. 1B).
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Several mutations which cause the disease cystic fibrosis (CF)
are clustered in or near the LSGGQ sequences of another
ABC transporter, the CF transmembrane conductance regula-
tor protein (CFTR) (10, 23, 47; for a review, see reference 48).
From such observations, it was proposed that the LSGGQ
motif mediates a conserved, essential function among ABC
transporters (1).
In this study, nine CF-associated missense mutations were

introduced in or near the LSGGQ motif within the first NBD
of the a-factor transporter Ste6p. We found a positive corre-
lation between the level of transported a-factor and the effi-
ciency of yeast mating, consistent with the role of Ste6p as the
a-factor transporter. Under conditions in which the level of
transported a-factor is limiting for yeast mating, small changes
in the amount of transported pheromone caused large alter-
ations in the mating efficiency. This indicates that MATa cells
can efficiently discriminate between small differences in the
level of a-factor presented by MATa cells. None of these mu-
tations caused detectable changes in either the steady-state
abundance or the localization of Ste6p, suggesting that the
LSGGQ motif within the first NBD of Ste6p plays a direct role
in its transporter function.

MATERIALS AND METHODS

Strain and plasmid construction. The Dste6 yeast strains were constructed by
the one-step gene replacement procedure (39) as previously described (28).
Briefly, an internal 3.4-kb StuI-SnaBI fragment was excised from plasmid
pBR322-STE6 (50) and replaced with a 1.8-kb BamHI fragment containing the
HIS3 gene by blunt-end ligation. A 2.6-kb SpeI-SspI fragment bearing the HIS3

gene flanked by STE6 sequences was then gel purified and electroporated into
the yeast strains indicated below. His1 colonies were selected, and proper inte-
gration of the ste6::HIS3 construct was confirmed by Southern analysis and the
a-factor halo assay. The strains used in this study were YDB108 (MATa ura3-52
Dhis3-200 trp1-D901 ade2-101 leu2-3,112 Dpep4::LEU2 Dste6::HIS3), YDB141
(MATa ura3-52 Dhis3-200 trp1-D901 ade2-101 Dste6::HIS3), and YDB199 (MATa
ura3-52 Dhis3-200 ade2-101 act1-1 Dste6::HIS3).
To introduce mutations into the STE6 gene, a 1.2-kb PstI fragment was

removed from plasmid pBR322-STE6 and subcloned into M13mp18 (51). Mu-
tations were then introduced by site-directed mutagenesis (29) and confirmed by
DNA sequence analysis (40). The 1.2-kb PstI fragment was then subcloned back
into the STE6 gene under control of the STE6 promoter in both the low-copy-
number plasmid pSEYC58 and the high-copy-number plasmid pSEY8 (13), both
containing the URA3 gene as the selectable marker. The resulting low-copy
vectors were pDB193 (Ste6p wild type [WT]), pDB181 (Ste6p-S507N), pDB156
(Ste6p-S507R), pDB153 (Ste6p-S507I), pDB184 (Ste6p-G509D), pDB159
(Ste6p-G509S), pDB132 (Ste6p-A517T), pDB138 (Ste6p-R518T), pDB141
(Ste6p-I521N), and pDB144 (Ste6p-A532H). For a-factor overproduction, a
1.6-kb BamHI fragment containing theMFa1 gene was cloned into the high-copy
vector Yeplac112, which contains the TRP1 gene as a selectable marker (14),
yielding pDB360. Transformations were carried out by the lithium acetate pro-
cedure (18). All mutations were later confirmed by recovering these plasmids
from yeast cells and sequencing the relevant region. Standard E. coli (35) and
yeast (38) media were used.
Mating assays. Both halo assays and quantitative mating assays were per-

formed essentially as described before (43). For halo assays to test a-factor
secretion, 2-ml aliquots of cultures were spotted onto a lawn of the tester strain
XBH8-2C (MATa sst2) and incubated for 24 h at 308C. In all quantitative mating
experiments, a fivefold excess of strain GPY60 (MATa leu2-3,112 ura3-52 his4-
579 trp1-289 prb1 gal2 Dpep4::URA3) was used as the mating partner to test Ste6p
function. Mating efficiencies were defined as the percentage of diploid cells
obtained relative to the total number of MATa cells available to mate.
Preparation of Ste6p-specific antibodies. A 579-bp XbaI-NarI fragment from

the STE6 gene, encoding a portion of the protein distal to NBD1, was cloned into
the expression vector pATH2 and transformed into E. coli MC1061. Expression
and isolation of the TrpE-Ste6p fusion protein were carried out essentially as
described before (24), and the resulting material was used as an immunogen to
generate a rabbit polyclonal antiserum. Alternatively, the fusion protein was
extracted from gel slices directly into a buffer containing 0.5 M NaCl and 0.1 M
NaHCO3, pH 8.3, prior to being coupled to cyanogen bromide-activated Sepha-
rose CL-4B (Pharmacia) for use as a TrpE-Ste6p fusion protein affinity matrix.
The immune rabbit serum was cut with ammonium sulfate at 50% saturation

(16). The precipitate was collected by centrifugation at 10,000 3 g and dialyzed
against a buffer containing 150 mM NaCl, 1 mM EDTA, 50 mM HEPES (N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid, pH 7.4), and 0.02% sodium
azide (buffer A). This material was diluted fivefold into buffer A supplemented
with 0.1% bovine serum albumin (BSA) (buffer B). It was then loaded onto the
TrpE-Ste6p protein affinity matrix preequilibrated in buffer B. The column was
washed sequentially with buffer B and buffer B containing 2.0 M urea. The
specific anti-TrpE-Ste6p antibodies were eluted with a buffer containing 0.2 M
glycine (pH 2.5), 150 mM NaCl, 1 mM EDTA, and 0.1% BSA. The eluate was
then immediately neutralized with 1/10 volume of 1 M Tris, pH 8.0. After dialysis
into buffer A, the eluate was passed over a nonspecific affinity column made with
a total protein extract from the Dste6 strain YDB108. The flowthrough (contain-
ing the Ste6p-specific antibodies) was concentrated to the original serum volume
with a Centricon 10 microconcentrator (Amicon). It was dialyzed into 13 phos-
phate-buffered saline (PBS, pH 7.4) and stored at 48C in the presence of 0.02%
sodium azide until use.
Immunoprecipitations. Immunoprecipitation of extracellular a-factor was car-

ried out essentially as described before (46). Cultures of the yeast strain YDB108
expressing wild-type or mutant STE6 alleles were grown overnight in selective
minimal medium at 308C. They were then diluted into the same medium and
grown at the indicated temperature (30 or 378C) until a culture density of 0.5 to
1.0 optical density at 600 nm (OD600) units/ml was reached. A total of 3.5 OD600
units of cells were harvested and resuspended in 0.5 ml of the same medium in
a polypropylene tube (Falcon). [35S]cysteine (Amersham) was added to a final
concentration of 240 mCi/ml, and samples were incubated for 2 h at the indicated
temperature (Fig. 3, Table 1). The samples were then incubated for an additional
30 min on ice. The culture tubes were washed twice with distilled water, and
a-factor was resuspended in n-propanol. The samples were then transferred to a
1.5-ml centrifuge tube and lyophilized to dryness under vacuum. Control exper-
iments confirmed that .95% of a-factor was recovered by this procedure as
previously reported (46). The a-factor was resuspended in 50 ml of sodium
dodecyl sulfate (SDS) boiling buffer (1% SDS, 1 mM EDTA, 50 mM Tris, pH
7.5) and boiled for 3 min. Then, 0.45 ml of Tween IP buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 0.1 mM EDTA, 0.5% Tween 20) containing an excess of a-factor-
specific polyclonal antiserum (generously provided by Jeff Becker) was added.
After a 2-h incubation at room temperature, 75 ml of a 3.6% suspension of
protein A-Sepharose was added, and the incubation was continued for an addi-
tional 30 min. The beads were washed twice with Tween IP buffer and once with
Tween IP buffer supplemented with 2 M urea. The beads were resuspended in 20
ml of SDS sample buffer and boiled for 3 min, and the samples were electro-

FIG. 1. (A) Predicted topological model of Ste6p in the plasma membrane.
(B) Amino acid sequence alignments of the LSGGQ region of the first NBDs of
CFTR and Ste6p. Maximal pairwise alignments of protein sequences were car-
ried out with the Gap program of the Genetics Computer Group (a gap weight
of 3.0 and gap length weight of 0.1 were used) (11). Numbers indicate the
position of the aligned amino acid sequences in each protein. The consensus
Walker B motif (41, 49) is boxed. The conserved LSGGQ sequence is under-
scored with asterisks. Naturally occurring CFTR missense mutations used in this
study are indicated above the position where each mutation has been identified
(10, 23, 47). In the Walker B motif, x represents any amino acid and h represents
hydrophobic amino acids.
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phoresed on SDS–12 to 18% polyacrylamide gradient gels. The gels were dried,
and a-factor-specific counts were quantitated with a PhosphorImager (Molecular
Dynamics).
Immunoblots. Cultures of yeast strain YDB141 expressing wild-type or mutant

STE6 alleles from the low-copy plasmid pSEYC58 were grown overnight in
selective minimal medium at 308C. Cells were then harvested and resuspended in
YPD medium containing a-factor (15 mg/ml), and the culture was grown for an
additional 2 h at 308C. Since Ste6p was prone to aggregation in standard SDS-
polyacrylamide gel electrophoresis (PAGE) sample buffer (our unpublished re-
sults), cells were lysed directly in SDS-PAGE sample buffer containing 6 M urea.
Extracts were heated for 5 min at 508C and immediately loaded onto an SDS–8%
PAGE gel. The separated proteins were then transferred to an Immobilon-P
membrane (Millipore) with a Trans-Blot apparatus (Bio-Rad). Following a 1-h
blocking step in 5% nonfat dry milk dissolved in PBS–0.5% Tween 20, the blot
was incubated with affinity-purified Ste6p antibodies, washed, and then incubated
with 35S-protein A (Amersham).
Indirect immunofluorescence. Yeast strains expressing either wild-type or

mutant forms of Ste6p were cultured as described above for immunoblots.
Cycloheximide was added to 0.1 mg/ml for 10 min, and 5 OD units of each strain
were then harvested by centrifugation at 630 3 g in a tabletop centrifuge. Cells
were resuspended in 1.0 ml of YPD, immediately dropped into 14 ml of ice-cold
methanol, and incubated for 10 min at 2208C. Following centrifugation, cell
pellets were resuspended in 0.5 ml of a buffer containing 0.5 mM MgCl2 and 0.1
M potassium phosphate, pH 6.8. The cells were spheroplasted for 30 min at 378C
in the presence of 20 mg of Oxalyticase (Enzogenetics) per ml. The spheroplasts
were harvested by a brief centrifugation (30 s at 16,000 3 g) in a microcentrifuge
and washed three times with 1.0 ml of PBS, pH 7.4, containing 0.2% azide (PBSA
buffer). The spheroplasts were attached to glass microscope slides and treated
with 3% formaldehyde in PBSA buffer for 10 min at room temperature. They
were washed three times with PBSA buffer and blocked in 1.0% BSA in PBSA
(blocking buffer) for 10 min at room temperature. The samples were incubated
for 30 min at 378C with affinity-purified Ste6p antibodies in blocking buffer. The
slides were then washed and subjected to subsequent rounds of blocking and
incubation with DTAF (dichlorotiazinylaminofluorescein)-conjugated goat anti-
rabbit antibodies (heavy and light chain [H1L]) and DTAF-conjugated donkey
anti-goat antibodies (H1L) (Jackson Laboratories). The samples were mounted
for visualization in PBSA buffer containing 0.1% phenylenediamine and 90%
glycerol and sealed under coverslips.
Reagents. a-Factor was synthesized by the University of Alabama at Birming-

ham Cancer Center peptide synthesis core facility with an Applied Biosystems
430A peptide synthesizer and purified by high-pressure liquid chromatography
(HPLC). A 1-mg/ml working stock was prepared in 90% methanol and stored at
2208C until use.

RESULTS AND DISCUSSION

Initial characterization of Ste6p mutants. A number of mu-
tations in or near the LSGGQ motif within the first NBD of
CFTR have been shown to cause the disease CF (10, 23, 47).
Since this sequence motif is highly conserved among the NBDs
of all ABC transporters, it was proposed to mediate a con-
served function among these proteins (1). Within a 39-amino-
acid region that includes the LSGGQ motifs in the first NBDs
of CFTR and Ste6p, the amino acid sequence homology is
significant, 46% identity (69% similarity), between Ste6p and
CFTR (Fig. 1B). Since distinct mutations within this region of
CFTR cause large differences in the severity of CF, we hypoth-
esized that these CF-related mutations introduced into the
corresponding positions of Ste6p would result in a broad range
of a-factor transport and mating defects. It was previously
shown that the introduction of one severe CF-related mutation
in the LSGGQ motif of either NBD of Ste6p (G509D or
G1349D) results in severe defects in both a-factor transport
and mating (6). To further correlate the level of transported
a-factor with the efficiency of mating, we introduced nine CF-
related missense mutations in or near the LSGGQ motif of the
first NBD of Ste6p.
To characterize the effects of each of these mutations, low-

copy (CEN) and high-copy (2mm) plasmid vectors carrying
each of these mutant constructs were transformed into yeast
strain YDB108, which harbors a deletion-disruption of the
chromosomal STE6 gene. Transformants expressing either
wild-type or mutant forms of Ste6p were initially assayed for
the ability to transport a-factor in an a-factor halo assay (43).

In this assay, a MATa strain is spotted onto a lawn of a MATa
sst2 tester strain and incubated at 308C. Since growth of the
tester strain is inhibited by a-factor, a zone of growth inhibition
(a halo) appears in the lawn around cells that actively secrete
a-factor. The size of the halo is proportional to the amount of
pheromone transported.
A large halo was seen surrounding cells expressing wild-type

Ste6p from either a low-copy or high-copy plasmid (Fig. 2). As
expected, little or no growth inhibition was seen around the
Dste6 strain, which synthesized a-factor but was unable to
transport it out of the cell. Strains expressing Ste6ps containing
the G509S, A517T, R518T, I521N, or A532H mutation gener-
ated halos similar in size to that of the strain expressing wild-
type Ste6p even when the mutant transporters were expressed
from a low-copy plasmid. In contrast, strains carrying low-copy
plasmids expressing Ste6ps with the LSGGQ mutation S507N,
S507I, S507R, or G509D produced halos that were clearly
reduced in size, indicating significant reductions in a-factor
transport. Even when Ste6p was overproduced from a high-
copy plasmid, strains expressing Ste6ps carrying the S507N,
S507R, or G509D allele made noticeably smaller halos than
the wild-type control. In contrast, the halo made by the strain
expressing the Ste6p mutant S507I from a high-copy plasmid
was similar to that of the wild-type strain, indicating that this
mutation caused a less severe a-factor transport defect.
Quantitation of a-factor transport by Ste6p mutants. We

next quantitated the level of a-factor transported by yeast cells
expressing each of the Ste6p mutants from a low-copy plasmid
at 308C. Each strain was labeled with [35S]cysteine, and the
labeled extracellular a-factor was recovered by immunopre-
cipitation with an a-factor-specific antiserum (Fig. 3). These
results were quantitated and expressed as the amount of a-fac-
tor transported by each mutant form of Ste6p relative to the
amount of a-factor transported by wild-type Ste6p (Table 1).
The relative level of a-factor transported by strains expressing
the mutant forms of Ste6p ranged from 7 to 97% at 308C. The
most severe defects in a-factor transport were associated with
mutations located directly within the LSGGQ motif. The
S507N, S507R, and G509D mutations reduced a-factor trans-
port 12- to 15-fold. The less severe S507I mutation resulted in
a fivefold drop in transported a-factor. The G509S mutation
caused only a twofold drop in a-factor transport, while the

FIG. 2. Halo assays to detect a-factor secretion by yeast strains expressing
wild-type (wt) or mutant forms of Ste6p. Aliquots of cultures expressing the
indicated forms of Ste6p from low-copy or high-copy plasmids were spotted onto
a lawn of the a-factor tester strain XBH8-2C (MATa sst2). The plates were then
incubated for 24 h at 308C.
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A517T, A532H, R518T, and I521N mutations, located just
outside the LSGGQ motif, supported essentially wild-type lev-
els of a-factor transport at 308C.
To further characterize the effects of these mutations on

Ste6p function and to reveal any further defects in a-factor
transport that were not readily apparent at 308C, we next
examined a-factor transport by these strains at 378C. However,
we found that the overall level of a-factor transported by wild-
type Ste6p was reduced four- to fivefold at this temperature,
which made it difficult to quantitate the small amount of a-fac-
tor transported by yeast cells expressing several of the Ste6p
mutants. We therefore examined the feasibility of increasing
the total level of transported a-factor by introducing a high-
copy plasmid bearing the MFa1 gene into each strain. Under
these conditions, the amount of a-factor transported from
yeast cells expressing wild-type Ste6p increased more than
sixfold at 308C, demonstrating that both the synthesis and
transport of mature a-factor were increased. These results con-
firmed that Ste6p was not rate limiting for a-factor transport in
these strains, consistent with previous reports that a-factor
transport increases four- to eightfold when yeast cells are
transformed with high-copy plasmids encoding either the
MFa1 orMFa2 gene (19, 28). Similarly, the introduction of the
high-copy plasmid bearing MFa1 into the strain expressing
wild-type Ste6p increased a-factor transport at 378C to a level
that was twofold above the level transported by yeast cells
lacking the MFa1 plasmid at 308C.

We next asked whether the overproduction of a-factor af-
fected the relative levels of a-factor transported by yeast cells
expressing wild-type and mutant forms of Ste6p at 308C. In all
cases, our results indicated that the relative levels of a-factor
transport remained the same (Table 1). This established that
the overproduction of a-factor at 308C resulted in an increase
in the total amount of transported a-factor without altering the
relative differences in a-factor transport among the various
constructs. The strains overproducing a-factor were then used
to analyze the effect of the Ste6p mutants on a-factor transport
at 378C. Our results indicate that the relative amount of a-fac-
tor transported by most of the mutant forms of Ste6p examined
(S507R, S507I, G509D, and G509S) closely paralleled the rel-
ative level of pheromone transported by each of these mutant
proteins at 308C. However, yeast cells expressing the R518T
and S507N Ste6ps exhibited relative levels of extracellular a-
factor that were four- and eightfold less, respectively, when
assayed at 378C. This suggests that these two mutations caused
temperature-sensitive defects in a-factor transport.
Quantitative assays of mating phenotypes associated with

decreased a-factor transport. The relative mating efficiencies
of strains expressing either the wild-type or mutant forms of
Ste6p were next examined in a quantitative mating assay (43).
In this assay, yeast strains of opposite mating type are allowed
to mate for 5 h under optimal conditions and then plated on a
selective medium that supports the growth of only a/a diploid
cells. With this protocol, millions of diploid cells can be formed
in a single assay by using a MATa strain expressing wild-type
Ste6p from a low-copy plasmid. In an identical assay with the
isogenic Dste6 strain as a mating partner, no diploid cells are
formed.
Quantitative mating assays were first carried out at 308C

with yeast cells expressing either wild-type or mutant forms of
Ste6p from a low-copy plasmid. The LSGGQmutations caused
a broad range of mating defects at 308C (Table 2). Each of
three Ste6p mutations at the serine residue within the LSGGQ
motif (S507N, S507R, and S507I) resulted in mating defects at
308C. The S507N mutation caused a 90-fold decrease in mating
relative to the wild-type control. The S507R mutation reduced
mating ninefold below that with the wild-type Ste6p control,
while the S507I mutation reduced the mating efficiency only
twofold. The introduction of a mutation at the second glycine
residue of the LSGGQ motif, G509D, caused a severe (56-
fold) decrease in mating at 308C relative to the wild-type con-
trol. This result is similar to the mating defect previously re-
ported for this mutation in Ste6p (6). In contrast to the G509D
mutation, however, a G509S mutation resulted in a wild-type
level of mating at 308C. Strains expressing forms of Ste6p
carrying mutations at more distal residues (A517T, R518T,
I521N, and A532H) were all found to mate with wild-type
efficiencies at 308C. Taken together, these data indicate that
the most severe mating defects were associated with mutations
directly within the LSGGQ motif.
We next examined the mating efficiency of strains expressing

wild-type or mutant forms of Ste6p from a low-copy plasmid at
378C. It was previously shown that mating of S. cerevisiae in-
creases as the temperature is raised to 348C but is significantly
reduced at 368C (37). Consistent with this finding, the mating
efficiency of cells expressing wild-type Ste6p decreased from
70% at 308C to 3.5% at 378C (a 20-fold drop). When strains
expressing the mutant forms of Ste6p were examined at 378C,
we found that several mutations caused much more severe
mating defects (relative to the strain expressing wild-type
Ste6p) than was observed at 308C (Table 2). For example, the
mating efficiencies of strains expressing the S507R and S507N
Ste6ps at 378C were 10,000-fold less than that of the isogenic

FIG. 3. Immunoprecipitation of extracellular a-factor transported by wild-
type (WT) and mutant Ste6ps expressed from low-copy plasmids at 308C.

TABLE 1. a-Factor transport of strains carrying STE6 mutationsa

STE6 allele

Relative a-factor transport (% of
control) 6 SD Transport

ratio,
308C/378CLow-copy

MFa1, 308C

High-copy MFa1

308C 378C

Wild type (control) 100 100 100 1.0

S507N 6.6 6 3.1 8.5 6 1.9 1.1 6 0.7 7.7
S507R 8.3 6 6.7 10 6 5.2 7.3 6 2.2 1.4
S507I 20 6 9.2 18 6 12 10 6 0.2 1.8

G509D 7.3 6 3.1 6.5 6 1.5 8.4 6 2.3 0.8
G509S 52 6 8.1 61 6 23 56 6 2.7 1.1

A517T 97 6 16 NDb ND
R518T 91 6 5.7 95 6 1.8 23 6 7.5 4.1
I521N 82 6 15 ND ND
A532H 92 6 16 ND ND

a Relative a-factor transport is the mean level of extracellular a-factor trans-
ported by each mutant Ste6p expressed as a percentage of the extracellular
a-factor transported by wild-type Ste6p under the same conditions. In each case,
the trace amount of extracellular a-factor detected in the Dste6 culture was
subtracted as background. Each value represents the data from at least four
independent determinations.
b ND, not determined.
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wild-type strain assayed under the same conditions. Likewise,
the strain expressing the S507I form of Ste6p mated at a
frequency that was 100-fold lower than that of the wild-type
control when assayed at 378C, while mating of the strain ex-
pressing the G509D form of Ste6p was 4,000-fold lower than
that of the wild-type control. In contrast, the strain expressing
the G509S form of Ste6p as well as several mutations distal to
the LSGGQ motif (A517T, I521N, and A532H) exhibited only
a two- to threefold decrease in mating at 378C. Only one distal
mutation (R518T) was found to cause a significant (11-fold)
reduction in mating at 378C, which is consistent with the tem-
perature-sensitive a-factor transport associated with this mu-
tation.
Correlation between the level of transported a-factor and

mating. The results of the above experiments with strains ex-
pressing wild-type and mutant forms of Ste6p from a low-copy
plasmid were next used to express the relative mating efficien-
cies as a function of extracellular a-factor levels at both 30 and
378C (Fig. 4). Under conditions of limiting extracellular a-fac-
tor at 308C, the mating efficiency undergoes a large decrease in
response to a small drop in the concentration of extracellular
a-factor. For example, a threefold decrease in extracellular
a-factor, from 20% (S507I) to 7% (S507N), correlated with a
50-fold drop in mating efficiency. Only 20% of the a-factor
transport mediated by wild-type Ste6p was required for maxi-
mal mating and thus represented a saturating level of phero-
mone when presented in this physiological context at 308C.
The correlation between the mating response observed as a

function of transported a-factor at 378C revealed certain dif-
ferences compared with the results obtained at 308C. First, the
absolute amount of a-factor required for maximal mating ap-
proached a plateau near the same saturating level of phero-
mone observed at 308C, indicating that the level of transported
a-factor required to promote a maximal level of mating does
not change significantly at the higher temperature. However,
the total amount of a-factor transported at 378C by the strain
expressing wild-type Ste6p from a low-copy plasmid was only
22% of that obtained at 308C, indicating that total a-factor
transport is reduced at 378C. In addition, the absolute level of
mating promoted by this amount of transported a-factor is
10-fold lower than that observed at 308C, indicating that one or
more distal steps of the mating pathway are much less respon-

sive to pheromone stimulation at the elevated temperature.
Under conditions of limiting extracellular a-factor at 378C,
large decreases in mating efficiency were again observed in
response to a small drop in a-factor transport. Because the
total amount of a-factor transported by Ste6p is reduced at
378C, the combined data for the two temperatures shown in
Fig. 4 provide a correlation between the efficiency of yeast
mating as a function of transported a-factor over a 400-fold
range of a-factor concentrations.
Stability and subcellular localization of LSGGQ mutants.

Mutations in the STE6 gene could decrease a-factor transport
by reducing the steady-state level of Ste6p, by altering its
proper localization to cell surface, or by directly altering its
transport properties. In order to distinguish between these
possibilities, we first asked whether the low a-factor transport
associated with the most severe Ste6p LSGGQ mutations
could be correlated with a reduced steady-state level of Ste6p.
Extracts were prepared from yeast cells grown at 308C that
expressed wild-type, S507N, S507R, S507I, or G509D Ste6p
from a low-copy plasmid, and the amount of Ste6p present in
each strain was determined by immunoblot analysis. Mean
values from several experiments similar to the one shown in
Fig. 5 were determined by PhosphorImager analysis. We found
that the abundance of each of these mutant proteins was sim-
ilar to the abundance of wild-type Ste6p, indicating that the
a-factor transport defects caused by these LSGGQ mutations
are not attributable to a decrease in the steady-state level of
Ste6p.
We next asked whether the a-factor transport defects asso-

ciated with the LSGGQmutations were attributable to a defect
in the transit of Ste6p to its normal location at (or near) the
cell surface. Unfortunately, Ste6p does not undergo detectable
glycosylation during its movement through the secretory path-
way (27), so progressive carbohydrate addition and/or process-
ing could not be used to determine the subcellular location of
mutant forms of Ste6p. Previous studies have shown that the
half-life of wild-type Ste6p is normally quite short (15 to 30

FIG. 4. Correlation between the relative level of extracellular a-factor and
the relative efficiency of yeast mating at 30 and 378C. Values for both mating
efficiency and extracellular a-factor are percentages of those observed with cells
expressing wild-type Ste6p at 308C.

TABLE 2. Mating of strains carrying STE6 mutationsa

STE6 allele

Relative mating efficiency (% of
control 6 SD) Ratio,

308C/378C
308C 378C

Wild type (control) 100 100 1.0

S507N 1.1 6 1.2 0.0092 6 0.012 120
S507R 11 6 9 0.0073 6 0.012 1,507
S507I 50 6 16 0.97 6 0.95 52

G509D 1.8 6 1.5 0.025 6 0.027 72
G509S 91 6 26 50 6 32 1.8

A517T 70 6 44 41 6 24 1.7
R518T 85 6 32 9.4 6 2.5 9
I521N 104 6 34 38 6 23 2.7
A532H 115 6 21 47 6 44 2.4

a The relative mating efficiency is the mean mating efficiency of each mutant
Ste6p expressed as a percentage of the mating efficiency mediated by wild-type
Ste6p at the same temperature. The Dste6 control did not allow diploid forma-
tion at either temperature. Each value represents the data from five to seven
independent mating assays.
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min). During its brief life span, it is transported through the
secretory pathway to the cell surface and then rapidly endocy-
tosed to the vacuole, where it is degraded (5, 25). Because of
the rapid nature of Ste6p’s endocytosis upon reaching the cell
surface, most Ste6p is normally located in transport vesicles at
any given time rather than at the cell surface. However, both
the half-life and the surface accumulation of Ste6p are in-
creased in strains defective for endocytosis (5, 25). To deter-
mine whether the LSGGQ mutations resulted in either intra-
cellular retention or mislocalization of Ste6p, we compared the
subcellular localizations of the wild-type protein and the two
most severe mutants by indirect immunofluorescence. To do
this, high-copy plasmids carrying the wild-type, S507N, or
G509D allele of the STE6 gene were introduced into a Dste6
strain that also harbored the act1-1 mutation. The act1-1 mu-
tation is a temperature-sensitive allele of the single actin gene
in S. cerevisiae. This mutation was previously shown to severely
reduce the rate of endocytosis of surface proteins (26). The
strains were exposed to a-factor at the semipermissive temper-
ature of 308C, and affinity-purified Ste6p-specific antibodies
were used to determine the subcellular localization of Ste6p in
these strains by indirect immunofluorescence. We observed
accumulation of each of the mutant Ste6ps at (or near) the cell
surface in the act1-1 mutant strains in a manner that was
indistinguishable from the accumulation of the wild-type pro-
tein (Fig. 6A). This suggests that these mutant proteins are
properly transported to the cell surface, where they accumulate
as a consequence of the endocytosis defect.
When MATa yeast strains are exposed to a-factor, the syn-

thesis of a-factor is increased and the transport of secretory
vesicles is directed to a projection of the cell, which causes the
cell to acquire a pear-shaped morphology (45). In these cells,
Ste6p is concentrated predominantly near the surface of the
projection. (It should be noted that such projections are not
observed in the act1-1 strain shown in Fig. 6A because proper
assembly of the actin cytoskeleton is required to achieve this
elongated shape.) To further examine the localization of the
Ste6p mutants, cells expressing wild-type and mutant forms of
Ste6p were exposed to a-factor to induce the formation of
these projections, and these cells were then examined by indi-
rect immunofluorescence with Ste6p-specific antibodies (Fig.
6B). Strains expressing either the wild-type or mutant forms of
Ste6p showed the characteristic localization of Ste6p to the
projection, again suggesting that the subcellular localization of
each of these mutant forms of Ste6p is normal. Since the
LSGGQ mutations were found not to affect either the stability
or the localization of Ste6p, we conclude that the lack of
a-factor transport is most likely attributable to a direct defect
in some aspect of Ste6p’s transporter function.
The efficient completion of yeast mating depends upon the

coordination of a series of complex physiological processes
such as fusion site selection, agglutination, growth arrest, and
gene activation and expression (30, 45). Each of these pro-

cesses is activated in the presence of the appropriate effector
pheromone. Several previous studies have investigated the sen-
sitivities of these processes to exogenously added a-factor and
a-factor (4, 8, 19–21, 31, 32). In general, it was found that
exogenously added pheromone is unable to induce an efficient
mating response. In this study, we used STE6 mutations to
titrate the presentation of extracellular a-factor in its proper
physiological context and found a strong correlation between
the level of a-factor transported by Ste6p and the efficiency of
yeast mating. It has been proposed that the level of a- and
a-factor secreted byMATa and MATa yeast cells, respectively,
acts as the primary determinant of each haploid cell’s identi-
fication as an appropriate mating partner by the target cell. As
each cell secretes its respective pheromone, a concentration
gradient decreasing away from the secreting cell is established.
These gradients were proposed to provide the positional cues
necessary for mating partner and fusion site selection (19–21,
31). Our results indicate that MATa yeast cells must export at
least 20% of the level of a-factor transported by wild-type
Ste6p (when expressed from a low-copy plasmid) for maximal
recognition byMATa yeast cells in a quantitative mating assay.
Below this saturating level of a-factor, the efficiency of mating
decreased drastically when a-factor transport was further re-
duced. This confirms that MATa cells can efficiently discrimi-
nate between small differences in the level of a-factor pre-
sented byMATa cells and is consistent with the model in which
a concentration gradient of secreted a-factor plays an impor-
tant role in mating partner selection. This mechanism would
provide an efficient means by which MATa cells filter out the
stimulus from more distant MATa cells (or those secreting
lower levels of a-factor) during the mating process.
Recently, a new class of STE6 mutations that caused only

modest a-factor transport defects but conferred a relatively
severe defect in cell fusion were reported (12). From these
results, it was suggested that Ste6p may carry out other func-
tions necessary for mating other than a-factor transport (12).
In our study, we found a direct correlation between the level of
a-factor transport by Ste6p and the efficiency of yeast mating.
The most straightforward interpretation of these results is that
the LSGGQ motif of Ste6p is involved primarily in a-factor
transport. However, we cannot exclude the possibility that
other regions of Ste6p may be involved in additional functions
related to the overall mating process.
While the LSGGQ motif is highly conserved throughout the

ABC transporter superfamily, its functional significance is un-
known. Some mutations within the LSGGQ motif of CFTR
cause retention (and subsequent degradation) of newly synthe-
sized CFTR in the endoplasmic reticulum of mammalian cells
(9, 15). The possibility that these mutations simply result in a
folding defect recognized by the quality control apparatus of
the endoplasmic reticulum has raised doubts about the possi-
ble role that this sequence element may play in the function of
ABC transporters. However, studies with another ABC trans-
porter, the histidine permease of Salmonella typhimurium, have
suggested that the LSGGQ motif may act as a signal trans-
ducer between the hydrophobic domain and the NBD of that
transporter (1). Our results also suggest that this region may be
directly involved in Ste6p’s transporter function, a role that
would be consistent with the strong evolutionary conservation
of this element within the ABC transporter superfamily. Fur-
ther studies are required to elucidate the specific role of the
LSGGQ motif in ABC transporter function.
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